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After milling 4.7 h, the diffraction peaks coming from initial elemental powders were no longer visible, and the new diffraction peaks corresponding to WC and MgO phases were detected. When the powder was further milled, the feature of the milled powders XRD patterns did not change. It indicated that a reaction was ignited and finished completely within 4.7 h, leading to the formation of WC and MgO. Thus, the occurrence of the reaction during the ball milling was not gradual but abrupt in a very short milling time. Furthermore, it can be seen that the diffraction peaks were evidently broadened with the increasing of milling time, proving that the milling caused refinement of the particles grains. Consequently, nano-sized WC/MgO powders were obtained after milling for 50 h. This steady-state equilibrium is attained when a balance is achieved between the rate of welding, which increases the particle size, and the rate of fracturing, which decreases the composite particle size. 
where the metal oxide (WO 3 ) is reduced by a more reactive metal (Mg) to the pure metal (W). The reaction (1) is characterized by a large negative free energy (ΔG=-320kJ) and are therefore thermodynamically feasible at room temperature. The occurrence of the reaction at ambient temperatures is thus limited by kinetic consideration alone. MA can provide the means to substantially increase the reaction kinetics of the reduction reactions. This is due to the repeated welding and fracturing of powder particles increases the area of contact between the reactant powder particles which causes a reduction in particle size and allows fresh surfaces to come into contact repeatedly; this allows the reaction to proceed without the necessity for diffusion through the product layer. As a consequence, reactions that normally require high temperatures will occur at lower temperatures during MA without any externally applied heat. In addition, the high defect densities induced by MA accelerate the diffusion process. Alternatively, the particle refinement and consequent reduction in diffusion distances (due to microstructural refinement) can at least reduce the reaction temperatures significantly, even if they do not occur at room temperature. The high temperature caused by the reaction (1) in the vial expedites the subsequent diffusion reaction of high activity W and C (reaction (2)). The reaction (2) is completed in a very short time. It can be seen from Fig. 1 that all W diffraction peaks disappeared, which is attributed to the diffusion reaction of C particles with W particles in high chemical activity.
In a word, the formation of such composite WC/MgO powders is attributed to the impact energy by high energy ball milling. Due to the impact energy, the superficial activity of Mg and the temperature of local areas increased, which enhanced the reaction between WO 3 and the Mg surface. When this reaction occurs, lots of heat released is enough to form WC between the W and C. From above analysis, it can be concluded that the mechanically induced self-sustained reaction can take place among a mixture of elemental WO 3 , graphite and Mg according to reaction (1) and (2) during ball milling and completed in a very short time.
Modeling studies and milling maps
Generally, the reaction induced by high-energy ball milling can be a self-propagation hightemperature synthesis reaction (SHS) or a gradual diffusion reaction depending on the milling conditions. Different reaction kinetics are attributed to several factors, including thermodynamics, atomic and thermal diffusivity and the mechanical properties of the reactant powders, especially the processing factors such as milling speed, ball-to-powder weight ratio and milling ball diameter. These processing factors will determine the rate of energy transference from milling balls to the powder particles of the processed material. Suryanarayana et al. pointed out that if the energy transferred to powders is rather low, gradual reaction can be the reaction mode, while if it is sufficient high, SHS can be initiated (Suryanarayana et al., 2001) . According to recent studies (Magini & Iasonna, 1995; Magini et al., 1996; Murty et al., 1995; Rojac et al., 2006; Yang et al., 1997) , milling maps can be an adaptive method to correlate the milling parameters with the ball milling energy transfer, as well as with the reaction mode. Burgio et al. (Burgio et al., 1991) have derived a set of kinematic equations to estimate the ball-to-powder energy transfer occurring in a single collision event. Magini et al. (Magini et al., 1996) have further studied the collision model, using the energy transfer per impact and the degree of filling for milling maps to the Pd-Si, Fe-Zr and Ti-Al system. Murty et al. (Murty et al., 1995) also have given the milling maps of Ti 50 Ni 50 and Ti 50 Cu 50 materials, and Rojac et al. (Rojac et al., 2006) have used ball impact energy and cumulative kinetic energy to develop a milling map for NaNbO 3 . Herein, the formation mode of WC/MgO is discussed. The experimental details are described in . The milling conditions adopted in the study is summarized in Table 1 .
www.intechopen.com Table 1 . The milling conditions adopted in the present study Fig. 2 shows that the formation mode and the time required for the formation of WC/MgO varied depending on the milling conditions. WC/MgO powders can be synthesized either by SHS or by gradual reaction, and the time required for the formation of WC/MgO (determined from the XRD patterns) in general decreases with the increase in milling speed and ball-to-powder weight ratio. Fig. 2 . XRD patterns of powders milled at different milling speed and ball-to-powder weight ratio for different milling time
All these results can be better understood when considering the energy transfer during milling. Magini et al., Murty et al. and Yang et al. have made some earlier efforts on the proposal of respective milling models (Magini et al., 1996; Murty et al., 1995; Yang et al., 1997) . On the basis of these widely used milling models, the energy for the formation of WC/MgO by high-energy ball milling is analyzed, and details are described as follows:
The average linear velocity ( V b ) and free distance (S) of the milling ball are given by (Yang et al., 1997) 
where ω p is the milling speed of disc, r 0 the radius of the vial, r b the radius of the milling ball, ρ b the density of ball, V G the volume of the vial , R bp the ball-to-powder weight ratio, and m p the mass of the powder canned in the vial. Then, the collision frequency of each ball can be obtained through the following equation:
The energy transferred per unit of mass can be expressed by (Magini et al., 1996) 
where Q max is the maximum quantity of trapped material, R p the distance between center of disk and center of vial (R p =0.115 m), ρ b , E and d b is the density, Young modulus and diameter of the milling balls respectively, and σ is the surface density of the covering powder. For refractory ball, ρ b is 15×10 3 kg/m 3 and E is 5.5×10 11 N/m 2 . By measuring the weight of balls with several interruptions during the milling, σ is estimated to be about 0.25 mg/mm 2 . Please note that the energy is absorbed only by a small quantity of mass trapped in a collision but not by the total powders. We should take all the milling balls into account when considering the influence of ball-to-powder weight ratio. Consequently, the total energy transferred per unit of mass and time can be described by
where n b is the number of milling balls, b φ is an efficiency factor related to the filling of the vial, which is close to 1 for 1/3 filling of the vial (Magini et al., 1996) and the filling level in the present work is lower than 1/3. Thus Eq. (7) can be rewritten by
E b is the effective extensive factor. On the hypothesis that all the milling energy is transferred to the powders, the energy accumulation with the increase of milling time (t), the milling time request for synthesizing WC/MgO) should be considered, thereby the total energy can be expressed by (Murty et al., 1995) 
The above parameters for different milling conditions are calculated and listed in Table 2 . To verify Eq. (8), a number of experiments on the WO 3 -C-3Mg system have been carried out at various milling speed and ball-to-powder weight ratio. Fig. 3 The relation between effective extensive factor (E b ) and total energy (E t ) can give an idea about the conditions required for gradual reaction and SHS mode during ball milling, as shown in Fig. 4 . For WC/MgO synthesized through SHS mode the total energy value required is 25.61~61.82×10 6 kJ·g -1 , and for obtaining WC/MgO through gradual reaction, the total energy value required is above 112.83×10 6 kJ·g -1 , five times more than those powders fabricated with SHS reaction. The big difference in energy value for the two formation mode may be caused by the following reasons: 1. For an SHS mode, a small quantity of mixed powders trapped in the collision event could get enough energy to form WC/MgO first. The released combustion heat will be helpful for the following reactions. Therefore, the total milling energy required for the formation of WC/MgO can be maintained at a lower level. 2. For a gradual reaction mode, most of the milling energy has been used up in the diffusion process. Moreover, gradual reaction process needs much longer milling time, this means that heat loss is much serious. All the above discussions are based on the present collision model.
Fig. 4. Energy map of WC/MgO synthesized by SHS(•) and gradual (■) reaction
According to above analysis, a conclusion can be easily achieved that nanocomposite WC/MgO powders can be synthesized either by SHS or gradual reaction. In the present work, the milling energy is analyzed by using an improved model on the basis of Magini's and Yang's work, i.e. considering the multi-parameters that describe the energetics of the high-energy ball milling process. On the other hand, there still exist some defects, for instance, ignoring the loss of milling energy during which makes the calculated values higher than the actual ones. Whereas, based on the previous hypothesis that the impact energy is entirely absorbed by the powders, the milling maps are provided with predictive capability for choosing the proper milling conditions in the practical high-energy ball milling process.
Artificial neural network method application in MA process
Owing to the significant scientific and industrial importance of high-energy ball milling, considerable researches have been conducted on the process modeling, as stated previously, mainly based on the mechanistic (Abdellaoui & Gaffet, 1995; D'Incau et al., 2007; Chattopadhyay et al., 2001; Das et al., 1999; Abdellaoui & Gaffet, 1994) and thermodynamic (Badmos & Bhadeshia, 1997; Lu et al., 1997; Suryanarayana et al., 2001 ) approaches to achieve a great understanding at the atomic and phenomenological level. However, these models cannot be fully and accurately implemented due to the multi-influencing parameters, the inherent complexity and the oversimplified assumptions combined with the highly dynamic, non-linear behavior of a multi-physics and multi-scale nature (Feng, 2004) . Artificial neural network (ANN) is currently one of the most powerful modeling techniques based on a statistical approach, and it is suitable for simulations of correlations which are hard to be described by physical models (Sha & Edwards, 2007) . Hence, the ANN technique is ideal for the intricate ball milling processes due to its utility to problems that involve the manipulation of multiple parameters and non-linear interpolation. ANN provides a mapping of inputs to outputs and consists of computer programs based on the structure of brain. As such, they can be trained to recognize patterns within data. In the human brain, a neuron is a nerve cell which processes incoming information and outputs a signal to the relevant part of the body accordingly. Some inputs are stronger than the others, i.e. they are 'weighted'. The total effect of the inputs is the sum of the weighted signals, and, if this exceeds the neuron threshold, a response is produced. By comparison, in an ANN, a number of inputs are applied simultaneously, via weighted links, and the node calculates a combined total input. The relation between the input and output is specified by a transfer or activation function, which describes the threshold for deciding on the state of the output of that particular node. A number of nodes may be combined to form a layer, and layers may be interconnected to form a complete network. The detailed procedure of developing the ANN model for the synthesis of nanocomposite WC/MgO powders via high-energy ball milling process is described as follows.
Experimental data collection and processing
To develop an ANN with good performance, there needs an adequate quantity of experiment data available. The database was collected through the planetary ball milling experimental results. The experimental procedure is detailed described in . Constant milling time and atomic ratio of elemental powders were maintained throughout the series of experiments as detailed in previous. The selection of the input parameters is very important for the ANN modeling. All relevant input parameters must be represented as the input data of the model. Among a number of parameters involved in the ball milling process, the variables, including milling speed (v), ball diameter (d B ) and ball-to-powder weight ratio (R BP ) have been chosen as the input parameters. The morphology of the as-milled powders, characterized by crystallite size (d), specific surface area (S) and median particle size (d 50 ), were the individual output for three separate back-propagation (BP) network models. In total, 96 input/output data pairs for training the neural network were formed on the basis of the experiments, and the remaining 16 pairs were reserved for testing the performance of the trained network. Table 3 . Range of the numerical values of the neural network input and output data
Neural network training and its performance
The process of fitting the network to the experimental data is called training. During its training phase, the network was repeatedly presented with a set of training patterns, comprising input-output pairs, until either the output error was minimized to a satisfactory level (0.001) or the maximum number of training cycles was reached. On completion of the training, a set of previous unused patterns were applied to the network inputs, here without example outputs. In this way the ability of the network to classify the composites' characteristics on the basis of new information was tested. The back-propagation (BP) network architecture was selected and applied. It includes an input layer, which just propagates input values to the nodes of the hidden layer, a single hidden layer and an output layer. The employed BP network algorithm is available inside the Neural Network Toolbox (Version 4.0.1), MATLAB ® 7.1 (14 th release). In order to determine number of the hidden nodes in the network, several BP networks with various hidden nodes (max to 24 nodes) are considered and the corresponding mean square of the network errors (MSE) are calculated by
where N is the total number of training patterns, t k is the target/desired value, and a k is the network output value. Fig. 5 demonstrates that the number of neurons in the hidden layer for crystallite size model, specific surface area model and median particle size model is 15, 13 and 16 correspondingly, which yield the minimum mean square error for training dataset. As a result, Table 4 lists the specifications of the architecture of the selected neural network. 
where Rm EXP is the experimental (measured) crystallite size, specific surface area and median particle size, and Rm NN is the predicted values from the neural network.
The average absolute relative error for the predictions of crystallite size, specific surface area and median particle size is 8.22%, 7.88% and 4.05% respectively. They are not too bad, considering the limited amount of training data available and large error prone to X-ray measurements of crystallite size and laser measurement of specific surface area and median particle size. These acceptable performances achieve a result that our BP network model can predict with sufficient accuracy for the practice.
Neural network applications in powder property studies
After the above accuracy evaluation and prediction, the neural network technique can be further applied to the optimization of the ball milling process for fabricating the nanocomposite WC/MgO powders. Fig. 6 shows the response surfaces of powder properties, obtained by BP network models, with the milling parameters. Note that only two ball milling parameters (milling speed and milling ball diameter) are discussed in the present optimization for the reason that the remaining variable (ball-to-powder weight ratio) is mainly affected by the milling time which is maintained as a constant value. According to the research of (Suryanarayana, 2001) , ball-to-powder weight ratio can no longer be considered with the certain milling time in the current optimization. As to the clarification of the response surfaces, the contour plots for those properties are demonstrated in Fig. 7 . Variations of the crystallite size, specific surface area and median particle size in the response surfaces could be confirmed with the theories reported by many www.intechopen.com
Mechanical Alloying: For Formation of Nanocomposite WC/MgO Materials 895 other researchers (Suryanarayana, 2001; Calka & Radlinski, 1991; Lai & Lu, 1998; Watanabe et al., 1991) . It is widely understood that the faster the mill rotates the higher would be the energy input into the powder. At high milling speeds (or intensity of milling), the temperature of the vial may reach a high value which may be advantageous in the current case where diffusion is required to promote homogenization and/or alloying in the WC powders. Additionally, the size of the grinding medium (milling ball diameter) also has an influence on the milling efficiency. Generally speaking, a large size (and high density) of the milling ball is useful since the larger diameter/weight of the balls will transfer more impact energy to the powder particles. In a word, the results achieved by the surface responses and contour plots indicate that a consistent agreement exists among the outcomes of ANN modeling, the above theoretical description and the experimental implementation. Therefore, the response surfaces and contour plots can be applied to the optimization of the ball milling process of fabricating the nanocomposite powders. The nanostructured WC/MgO powders posses the excellent morphological characteristics, such as homogeneous shape with fine and smooth surface relief and uniform size (less than 0.8 μm in diameter). These powders will be consolidated into the bulk materials for the further industrial application. On the basis of the contour plots and current experimental circumstances, the optimized milling parameters (300r/min<v≤350r/min and 8mm≤d B ≤10mm) can be obtained using this series model of BP neural network.
Process control agent
As mentioned above, the mechanochemical reaction among WO 3 , Mg and C reactant powders to form nanocompostite WC/MgO powders can be the SHS one. However, dangerous explosion caused by SHS may occur abruptly, which is difficult to control. In addition, a significant portion of coarse WC/MgO crystallites and particles may form due to particle melting under the high temperature caused by SHS. Furthermore, the powder yield is low as many particles get adhere to the milling balls and vial, which is difficult to be detached. There are two possible methods to prevent the combustion reaction and the severe welding, one is to lower the temperature of the milling vial (Jang & Koch, 1990; Guo et al., 1990; Fecht et al., 1990) , and the other is to add stearic acid as a process control agent (PCA) to the reactant powders (Suryanarayana & Sundaresan, 1991; Wang et al., 1991) . The effects of stearic acid on the ball milling process of CuO-Ca/Ni, Ti-BN and Al-Mg systems had been investigated by Schaffer, Byun and Lu respectively (Schaffer & McGormick, 1990; Byun et al., 2004; Lu & Zhang, 1999) . Results show that with the addition of stearic acid, the occurrence of combustion reaction can be successfully delayed or suppressed, the interparticle welding during collisions can be inhibited, and the particle size can be decreased. It may be noted that a combustion reaction should be avoided if one is interested in producing the materials in nanocrystalline state. This is because combustion may result in partial melting and subsequent solidification will lead to the formation of a coarse-grained structure. Another requirement for formation of nanometer-sized particles is that the volume fraction of the by-product phase must be sufficient to prevent particle agglomeration (Suryanarayana, 2001 ). The reactant WO 3 -Mg-C mixture was charged together with steatic acid (99.9%, flaky) and hard alloy balls (10 mm in diameter) into a hard alloy vial (250 ml in volume). The amount of stearic acid was controlled from 0 to 2.0 wt. %. More experimental details can be found in (Wu et al., 2010) .
Effect of stearic acid on the mechanochemical reaction
As stated above, only the WO 3 , Mg and C peaks could be detected in the initial 5 h of ball milling (Fig. 1) . When milling for 4.7 h, the WO 3 -Mg-C mixture abruptly reacted to form WC/MgO. Slight explosion sound could be heard during milling for 4.7 h, and the temperature of the milling vial reached an evidently high level almost at the same time, as shown in Fig. 8a . These phenomenons indicate that the occurred reaction (1) is a mechanically induced self-propagating reaction. Fig. 8b shows the TEM micrograph for the agglomerated powder which resulted just after the temperature peak. The particles in Fig.  8b are very coarse and most of the size is above 100 nm. The SHS, completes within a very short time, however, it always results in the occurrence of dangerous explosion phenomenon and the formation of coarse WC/MgO particles. With the aim of preventing SHS, stearic acid is added as a PCA. Fig. 9 indicates that the incubation time (the time from the beginning of milling to the occurrence of SHS) for the SHS depends on the concentration of stearic acid. The incubation time is about 5.5 h without stearic acid and there are little changes up to 0.8 wt. % of stearic acid. The addition of stearic acid of between 1.1 and 1.2 wt. % further increases the incubation time, but the SHS still occur. When 1.2 wt. % of stearic acid is added, however, the SHS is suppressed in two experiments while it occurs in another two. With over 1.2 wt. % of stearic acid, reaction (1) always proceeded gradually. Therefore, the critical concentration of stearic acid to inhibit the SHS of reaction (1) is about 1.2 wt. %. Fig. 10 shows the XRD patterns of the powders with different amounts of stearic acid after 80 h milling. When the concentration of stearic acid is lower than 1.2 wt. %, there is no distinct difference in the XRD patterns of the powders, as shown in Figs. 10a, b and c. However, it can be found from Figs. 10d and 10e that with over 1.2 wt. % of stearic acid, both WC and MgO peaks broaden much more, which means that the suppression of SHS contributed to the reduction of the crystallite size and the increase of mircostrain. The average crystallite sizes of WC and MgO, estimated by formula in (Chakurov et al., 1987) , are 19 and 29 nm without stearic acid, and 10 and 15 nm with 1.4 wt. % of stearic acid respectively, under the same milling conditions. Nevertheless, with over 2.0 wt. % of stearic acid, WC/MgO can't be successfully formed even ball milling for over 100 h, as shown in Figs. 10f and 10g . The above results indicate that the critical concentration of stearic acid to change reaction (1) from SHS to a gradual reaction is about 1.2 wt. %. In general, the change of reaction mode by an inert addictive is attributed primarily to two mechanisms, i.e. increasing the heat capacity and decreasing the contact area between the reactants (Takacs, 2002; Chakurov et al., 1987) . Munir (Munir, 1988) proposed a simple guideline to decide whether or not a selfpropagating reaction might occur for a certain system. According to his proposal, the reaction can start without additional energy from an exterior source when the adiabatic temperature rise (-ΔH/C p ) is above 2000 K. The -ΔH/C p of reaction (1) calculated from the thermodynamic date will decrease from ~ 6000 K to ~ 5800 K, under which the SHS would still occur. Thus, it seems that the suppression of the SHS by stearic acid is primarily owing to the decrease in contact area among the reactants. The stearic acid, being absorbed on the surface of reactant powders, helps decreasing the contact area among them, which leads to the slowing down of the reaction rate and therefore either delays or completely suppresses the SHS. However, the contact area may be too little to initiate reaction (1), if excessive (>1.8 wt. %) stearic acid absorbed on the surface of reactant powders. It should be noted that such an amount is too small to consider the possibility that change the reaction mode could be induced by other reactions, as there is no other phase can be observed in the XRD patterns, as shown in Fig. 10 .
Effect of stearic acid on the microstructure of powders
With the aim to investigate the effect of stearic acid on the microstructure of the mechanical alloyed powders, the powders milled with 0 wt. %, 1.1 wt. %, and 1.4 wt. % of stearic acid for 80 h are characterized by TEM, as shown in Fig. 11 . These three powder samples all contain two phases: the first phase WC appears as deep-black grains, while the second phase MgO consists of light-gray grains. Fig. 11a indicates that the crystallite size of WC and MgO milled without stearic acid is rather large and unhomogeneous, in great part are above 50 nm, even approaches to 100 nm. The crystallite size of powders milled with 1.1 wt. % of stearic acid can be a little decreased and its homogeneity of particle size can be slightly improved either, as shown in Fig. 11b . The reaction mode can be changed from SHS to a gradual one when the concentration of stearic acid is increased to be 1.4 wt. %. Fig. 11c shows that there are no such large crystallites and the sizes of the homogeneously distributed WC and MgO crystallites are much smaller, mostly are between 10 and 25 nm. Thus, the average crystallite size and agglomeration can be considerably decreased and the homogeneity of particle size can be obviously improved when the amount of stearic acid is enough to suppress the occurrence of SHS. During high-energy ball milling process, considerable plastic deformation of powders greatly enhance the surface activity, thus the neighboring powder particles may get together to reduce the surface activity, which can hinder the refinement and mechanical alloying of the processing powders. When an appropriate amount of stearic acid is added into the reactant powders during ball milling, stearic acid will adsorb onto the fresh surface to decrease the surface activity and inhibit the conglomeration of powders, because adsorption is a free energy self-decreasing process. Fig. 11 suggests that the microstructure of powders can be improved with the addition of stearic acid, however, there is no obvious effect unless the amount of stearic acid is enough to change the reaction mode from a SHS to a gradual reaction. This can be expressed by the reason that the vial surface temperature may be maintained at a low level during the synthesis process of WC-MgO through steady gradual reaction, which is in favor of obtaining homogeneously distributed fine particles and crystallites. While the vial surface temperatures may reach a high value due to the excessive combustion heat liberated during SHS process, and these temperatures lead to the melting, consolidation and formation of large particles of the reaction products. 
Effect of stearic acid on the powder yield of powders
Powder yield is one of the most important indicators to estimate as-milled powders recovered after ball milling, which is commonly expressed by the ratio between the weight of powders after and before ball milling. Powder yield also can quantificationally reflect the adhering degree of powders during mechanical alloying. Fig. 12 shows the relation between powder yield and the amounts of stearic acid added. Fig. 12 . Relation between powder product yield and the amounts of stearic acid added It can be found by Fig. 12 that the powder yield can be greatly enhanced to be 80.6 % when 1.8 wt. % of stearic acid is added, as other milling parameters are maintained at the same value. After 80h of ball milling, fine WC-MgO powders can be obtained, and both the surfaces of vial and milling balls are bright and clean, nearly no adhering phenomenon can be observed. On the other hand, the powder yield is rather low (31.5 %) when milled without stearic acid under the same milling conditions. The end powders exhibit with large grain size, and a great quantity of powders get coated onto the surface of the milling balls and vial. While no WC-MgO powders can be formed when over 1.8 wt. % of stearic acid is added, therefore the powder yield under this milling condition haven't been further discussed and investigated. During ball milling process, constant collisions among milling balls, powders and milling vial result in the plastic deformation of the powders. Small parts of powders get cold welded onto the milling balls and vial, while a great part of powders particles are refined by work-hardening. Due to the increase of the surface activity, the refined powders will be inclined to get together and coated onto the milling balls and vial spontaneously. This is a process in which the free energy gets decreased. Therefore, the adhering of powders to the milling balls and vial is unavoidable when milled without stearic acid. A very thin "protective film" between the powders and the milling balls/vial may form with the addition of stearic acid. This "protective film" prevents the contact between the powders and the milling balls/vial, which decreases the abrasion induced by milling balls, as well as reduces the adhering of powders to the milling media. Moreover, the adsorption of stearic acid on the powder surface can also decrease the surface energy of powder particles, and diminishes the adsorption driving force of powders to the milling balls and vial, consequently reduces the possibility of adhering of powders to the milling balls and vial. As a result, the addition of stearic acid can greatly increase the powder yield, which is an important method to overcome the adhering problem during the process for synthesizing nanocomposite WC/MgO powders.
Consolidation of nanocomposite WC/MgO powders
Sintering behavior of nanocomposite WC/MgO powders and its consolidated bulk properties are studied. The as-milled WC/MgO powders were sintered by plasma-activated sintering (PAS) and hot-pressing sintering (HPS) at the same sintering conditions, i.e. maximum temperature: 1650 °C, applied pressure: 40 MPa. The microstructures were analyzed and compared in order to understand the influence of the two sintering techniques. The density of the consolidated samples and the following mechanical properties were measured: Vicker hardness and the estimated fracture toughness. The XRD pattern of the WC/MgO powders and the consolidated sample via PAS and HPS method were shown in Fig. 13 . The strong diffraction peaks of WC (hexagonal structure) and MgO (cubic structure) were clearly observed. Thus, it indicated the hot-pressing sintered bulk materials were mainly composed of the WC and MgO phases. W 2 C phase was detected in the sintered bulk, but its intensity in the HPS sintered sample was greater than those of the PAS one, which may be due to the decarburization phenomena during sintering. Fig. 14 presents the microstructures of the polished samples sintered by HPS and PAS at 1650 °C. The energy dispersive spectroscope (EDS) analysis reveal that the dispersed white particulates were composed of the Mg and O elements, while the surrounding dark matrix was rich in W and C element. Combined with XRD results (Fig. 13) , it is reasonable to conclude that the composites of WC matrix with the MgO particulates toughened can generally be produced. However, the dispersion states of the toughening particulates were significantly influenced by the sintering method. In the sample sintered by HPS, the MgO showed an irregular polygonal shape and were larger than 2 μm in size (Fig. 14a) . Compared with that, the toughening particulates in the bulk consolidated by PAS were presented in a refined and dispersed morphology (Fig. 14b) . (Fig. 14a ), leading to a relatively low bulk densification of 94.56 % theoretical density (T.D.). Sintered by PAS, the refined MgO toughening particulates were homogeneously distributed in the matrix, showing very little aggregation (Fig. 14b) . In this instance, a relatively high densification response of 99.3% TD was obtained ( Table 5 . Some measured mechanical properties of the fabricated bulk materials via HPS and PAS Table 5 also depicts the hardness and fracture toughness measured on the polished sections. It is clear with the HPS method, the hardness was about 15.43 GPa and the estimated fracture toughness was 9.58 MPa•m 1/2 . This can be attributed to the pores distribution and significant MgO agglomeration segregation throughout the sintered structure. The hardness of the sample sintered by PAS was measured to be 16.65 GPa, taking the average of at least www.intechopen.com
Advances in Nanocomposites -Synthesis, Characterization and Industrial Applications 902 10 indentations. The resulting indentation cracks were used as the indication of the fracture toughness (K c ) via the model that was suggested by Shetty et al (Shetty et al., 1985) . We should note that the Vickers hardness measurements that were made are a rough approximation for the valid K c test. Hence, they were an approximation of the expected fracture toughness measurements. In a word, the overall mechanical performance of the HPS sintered sample was lower than those of the PAS sintered one. But this indicates the possibility of preparing high-hardness and high-fracture-toughness composite materials. As stated above, WC/MgO composite can be a new advanced hard refractory material. In Table 6 , we provide a comparison of the hardness and fracture toughness values of WC/MgO compacts with those of WC-Co reported by others (Richter & Von Ruthendorf, 1999; Almond & Roebuck, 1988; Kim et al., 2007 Studying the mechanism involved in the synthesis, we find that mechanical alloying processing can agitate the reaction mass and continually bring unreacted materials into contact, preventing the products from dividing the reactants separately. This results in a significant increase in reaction rate which provides the occurrence of WC/MgO formation at ambient temperature. Combined the formation mode with the milling conditions, the milling energy maps for preparing nanocomposite WC/MgO powders by high-energy planetary ball milling are established. Self-propagation high-temperature synthesis reaction (SHS) and gradual reaction are two kinds of formation mode of WC/MgO at different milling conditions. The energy region for gradual reaction and SHS is defined, i.e. when the effective extensive factor E b is above 38.24 kJ·g -1 ·s -1 , the reaction mode is SHS; it is the gradual reaction when E b is 22.12~38.14 kJ·g -1 ·s -1 ; the formation of WC/MgO cannot be achieved when E b is below 22.12 kJ·g -1 ·s -1 . For SHS, the excessive heat released and high temperature rise during the abruptly occurred reaction make the process difficult to control. The milling energy maps also help to predict capability for fabricating WC/MgO through gradual reaction by adjusting the milling parameters appropriately. It can be concluded that ball milling is an inherently complex process due to the multiinfluencing parameters. Fortunately, neural network technique (NN) can be the ideal modeling for this highly complicated and non-liner high-energy planetary ball milling process. The BP network is selected since this feed-forward multilayer network is further fully connected. The architecture of the BP network models can be implemented: a) The series model of BP network is designed to be "3-n-1", i.e. it includes one input layer which contains the ball milling variables (milling speed, ball-to-powder weight ratio and milling ball diameter), one hidden layers (with different number of nodes [n] for different model) and one output layer which indicates the morphological characteristics of the WC/MgO powders (crystallite size, specific surface area and median particle size respectively). b) The tangent-sigmoid function is found to be the transfer activation. c) The number of neurons in the hidden layer (n) is 15, 13 and 16 for crystallite size model, specific surface area model and median particle size model individually, which is selected according to the mean square error of BP network calculations. The viability of the model is confirmed by the network prediction errors analysis. The results from the BP network prediction perform a good coherence with the experimental data. Furthermore, the optimization of the ball milling process for fabricating the nanocomposite WC/MgO powder is carried out through the analysis on the evaluated network response surface and contour plots. The optimized milling parameters (300 r/min < v ≤ 350 r/min and 8 mm ≤ d B ≤ 10 mm) can be obtained through the ANN model and the present experimental details. Accordingly, the BP neural network technique can be applied to the high-energy planetary ball milling process with its high reliable performance and practical significance.
In the course of ball milling, the powder particles may cold-welded to each other due to the heavy plastic deformation among them. The true alloying among powder particles can occur only when a balance is maintained between cold welding and fracturing of particles. Regarding this, a process control agent (PCA) is usually added to the powder mixture during milling to reduce the effect of cold welding. Herein, stearic acid is added as a PCA to the reactant powders. The effects of stearic acid and its amount on the WO 3 -Mg-C ball milling process, the microstructure evolutions and powder yield rate of WC/MgO have been investigated. The results show that the crystallite and particle sizes of WC/MgO powders can be refined, the homogeneity of particle size can be improved and the powder yield can be enhanced with the addition of stearic acid as a PCA. Furthermore, the mechanochemical reaction among WO 3 , Mg and C reactant powders to form nanocompostite WC/MgO powders can be changed from a SHS mode to a gradual reaction by adding over 1.2 wt. % of stearic acid. The WC/MgO powders synthesized through gradual reaction are possessed of finer crystallites and more homogenous particle size distribution. Compared with the unstable and dangerous SHS, the steady and controllable gradual reaction is more suitable to be applied to the practical production. The as-milled WC/MgO powders are sintered by plasma-activated sintering (PAS) and hotpressing sintering (HPS) at the temperature of 1650 °C with applied pressure of 40 MPa. The relative density, hardness and fracture toughness of the compacted samples are tested. Results indicate that PAS is an attractive technique that the sintering procedure takes place in a short period of time (consolidation is achieved within a few minutes, 5 minutes). According to the microstructure observation, grain growth of the bulk samples can be minimized and the sintered compacts maintain their unique properties, i.e. superior hardness (HV = 17.78 GPa) and toughness (K c = 12.21 MPa·m 1/2 ) combination. Another important factor in the course of sintering that conquers the grain growth of the bulk samples and uniforms the toughening particulates (MgO) dispersion is the source of the milled WC/MgO powders. When the as-milled WC/MgO powders, which are introduced to the consolidation, have homogeneous shape with fine nanocrystalline grains, the PAS sintering may result in formation of full dense compacts (99 % T. D.). It is worth noting that PAS technique does not form any undesirable reactive products such as W 2 C. In conclusion, the composite WC/MgO, which achieves competitive values of hardness and fracture toughness, can be an ideal engineering material as the alternative of WC-Co.
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